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Abstract: Alkaline delignification of wood tissue is the
core of the global pulping technology and the most
prominent large-scale separation of the main wood com-
ponents. This work aims at improved understanding of the
interplay between the topochemistry of alkaline pulping
and the associated morphological changes. Morphology
and chemical structure of partially soda-delignified wood
chips were studied combining X-ray tomography (XRT),
X-ray diffraction analysis and compositional character-
ization (lignin and carbohydrate content). The XRT studies
of wet samples (providing 3D structural information
without interfering drying effects), allowed observation of
the cell wall separation as an increasing amount of lignin
was removed with the increasing pulping time. Compari-
son between the microstructure of the surface and the
central parts of the treated chips showed amore delignified
microstructure at the surface, which highlights the
dependence of the delignification process on the mass
transport (hydroxide ions and lignin fragments) through
the wood tissue. The crystallite size of cellulose increased
in the <200> crystal planes during the early stage of pulping
while there was little effect on the <110> plane.
Keywords: delignification; microstructure; soda pulping;
spruce wood; X-ray tomography.
1 Introduction
Climate change, and the associated necessity to reduce the
use of fossil-based fuels, materials and chemicals, is one of
the most urgent problems the world is currently facing.
Therefore, during the last decades, there has been an
increasing number of initiatives to develop new sustain-
able energy and material resources (Christopher 2013; De
Bhowmick et al. 2017; Lew et al. 2012; Mattsson et al. 2017).
Natural resources such as water, wind, solar energy and, to
a certain extent, biomass are promising sources of clean
and safe energy. Furthermore, the utilization of biomass
via various biorefinery concepts provides a sustainable raw
material basis for production of materials and chemicals.
Wood is themost abundant biomass on land and is already
one of our most important rawmaterials for the production
of a large number of products used in our daily life, ranging
from sawn timber (wood construction, furniture etc.) and
fiber-based materials (paper, board, viscose) to chemicals
(e.g. cellulose derivatives and lignosulfonates). Currently,
the largest industrial use of wood is in the form of sawn
timber and paper/board.
Kraft pulping is the most common process used to
separate wood constituents and primarily recover cellulose
fibers for paper, textile and cellulose derivative applica-
tions, while the main part of hemicelluloses and lignin
(about 50% of the wood mass) are partly degraded, dis-
solved and, in a latter step, incinerated for energy needs of
the process. A modern kraft pulp mill is, however, rather
energy efficient andhas a surplus of energy,which opens up
an opportunity to extract some of dissolved components to
be used as building blocks for production of various mate-
rials and chemicals (e.g. carbon fibers and furfural). This
requires a better knowledge regarding different process
steps in a pulp mill and how these influence the main
product, the paper pulp. The most important operation in
the paper pulp process is the pulping, where the partial
fragmentation and dissolution of lignin and hemicelluloses
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takes place and the individual fibers are liberated from the
wood matrix (Gellerstedt 2009; Gierer 1980; Gustafson et al.
1983; Jansson and Brännvall 2014; Kwasniewski and The-
liander 2001). It is, therefore, of no surprise that a vast
number of publications elaborating on the main reaction
pathways involved in this operation and the final fiber
properties as functions of process conditions canbe found in
the literature (e.g. Brännvall 2009; Gomes et al. 2014; Singh
et al. 2014). Numerous attempts to shed light on the top-
ochemistry of pulping have involved investigations of the
pulping chemicals diffusion paths in relation to anatomical
features of wood (Wardrop and Davies 1961; Wardrop 1963),
pulping studies on the isolatedmorphologicalmotifs (Wood
et al. 1972; Whiting and Goring, 1981), including UV micro-
spectrophotometry (UMSP) studies (Kerr and Goring 1975;
Procter and Goring 1967) and SEM EDAX investigations of
the partially delignified samples (Saka et al. 1982). They
pointed out a more rapid delignification of the secondary
wall compared to the middle lamella along with the
importance of the evolving cell wall porosity for the mass
transport of the lignin fragments. However, comprehensive
understanding of the interplay between the topochemistry
and the morphological changes during pulping calls for
additional work (e.g. investigations of the different sub-
steps in relation to solubility andmass transport of thewood
components), not the least imaging efforts that would pro-
vide the necessary morphological dimension.
Understanding of the correlation between the chemi-
cal and morphological changes during pulping is a pre-
requisite for an efficient process-structure-property control
and is, as such, of increasing importance for the pulping
industry that is facing a growing need for material effi-
ciency and diversification. Elucidating the sequence of
morphological andmicro-/nano-structural changes during
delignification process is a key for a better understanding
of how the pulping conditions influence the properties of
the produced cellulose pulp.
X-ray tomography (XRT) is an established, non-
destructive technique for qualitative and quantitative 3D
structural evaluations of materials in many fields, such as
damage inspection (Bull et al. 2013, 2014;Wagih et al. 2019)
and structural evolution (Ji et al. 2014; Taiwo et al. 2017;
Van den Bulcke et al. 2013). The technique involves
acquiring a set of 2D-projections at different angles during
the rotation of the object around a pre-defined axis and
reconstructing a 3D image of the object microstructure
(Webb 1990). Thus, XRT has the advantage, over conven-
tional structural inspection methods such as Scanning
Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM), of providing information in 3D volumes.
Applied to wood, the XRT has been demonstrated to be a
powerful imaging technique allowing both qualitative and
quantitative anatomic analysis (Van den Bulke et al. 2008),
and material development investigations (Van den Bulke
et al. 2009). Synchrotron XRT was employed by Hass et al.
(2010) for more detailed anatomical studies focusing on
vessel size. Structural changes in wood accompanying
drying (Derome et al. 2011; Lazarescu et al. 2010) and
different types of processing – whether aiming at separa-
tion of wood components or modification of wood tissues
for material applications – have also been studied by XRT
(Faessel et al. 2005; Muzamal et al. 2016; Walther et al.
2009; Walther and Thoemen 2009). However, all the
aforementioned studies have been performed on dry or
purposely dried samples. There is a lack of structural
analysis of wood during chemical modifications (without
drying) even by using electron microscopy (due to the
difficulties of keeping samples wet during inspection
because of nitrogen gas and vacuum application). Addi-
tionally, due to the small thickness of samples required for
TEM (about 100 μm), surface tension of the wood samples
is an issue that makes such an inspection extremely
difficult.
This study investigates the microstructural evolution
in spruce wood during a simplified version of kraft pulping
relying only on the action of hydroxide ions – so-called
soda pulping. XRT is used to study wet and dried material
and the observed structural changes are correlatedwith the
chemical analysis of the samples and the nanostructural
changes investigated by X-ray diffraction. A batch
approach was applied in the pulping experiment and the
residence time was varied. Both wet and dried samples
were characterized to highlight the influence of drying on
the structural changes. Cell wall thickness of the wet and
dried samples and cell shape and size were analysed from
the XRT images. Based on the obtained results, a detailed
sequence of microstructural changes during soda pulping
could be presented.
2 Materials and methods
2.1 Sample preparation and soda pulping experiment
The rawmaterial used in this study was spruce wood. A piece of wood
(dimensions: 140 × 10 × 10 mm3) was cut from the sapwood of the tree
with major dimension in the longitudinal fiber direction. This large
piece was divided with a band saw into small samples with di-
mensions 20 × 5 × 5 mm3 as shown in Figure 1. The obtained samples
were divided into six batches. Each batch, containing four samples,
was cooked for predefined time: 30, 60, 90, 120, 150 and 180 min. A
batch of four samples was kept as reference samples without any
treatment.
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Asodapulpingof the sampleswas performed in autoclaves (1.5 L)
placed in a rotating rig in a temperature-controlled polyethylene
glycol bath. A solid to liquor ratio of 1:100 was used to achieve a near
constant bulk concentration. The cooking liquor was prepared by
adding 1066 g of DI water to 34 g of pellets NaOH 98% (sodium hy-
droxide) resulting in a 3 wt. % NaOH(aq).
Six autoclaves were charged with wood samples and the cooking
liquor (deaerated under vacuum for 5 min and pressurized to five bars
with nitrogen gas for 5 min to ensure good impregnation and an ox-
ygen free environment), then depressurized and placed in the heating
vessel at a temperature of 170 °C. The complete temperature change
inside the autoclaves has been measured in earlier studies (Wigell
et al. 2007). When the predefined time was reached, each of the au-
toclaves was cooled in a water bath and the cooking charge was
filtered using a Büchner funnel with a polypropene mesh. The filtered
samples were then washed with 2 L of deionised water and kept in
deionised water for two days before being extensively washed again –
the procedure was assumed to remove all dissolved material. One
sample of each batch was oven dried at 40 °C for 72 h.
2.2 Klason lignin and carbohydrate analysis
For chemical analysis, the wood samples were milled in a Wiley-type
mill, oven-dried and subjected to complete acid hydrolysis using 72%
sulfuric acid. The residual solid material was considered to be Klason
lignin, the amount of which was determined gravimetrically. The
filtrate from the hydrolysis was used to determine the contents of acid
soluble lignin (ASL) and carbohydrates (Theander and Westerlund
1986).
The carbohydrate composition was determined as the amount of
monomeric sugars by using high-performance anion exchange chro-
matography (HPAEC) with a Dionex ICS-5000 equipped with a Car-
boPacTM PA1 column and an electrochemical detector; NaOH and
NaOH + NaAc were used as eluents. The Chromeleon 7, Chromatog-
raphy Data System, Version 7.1.0.898 software was used for the
analysis. The amounts detectedwere corrected to the hydrolysis yield.
The hydrolysis yield was calculated from experimental data, estab-
lished by performing acid hydrolysis on pure monosugar standards
(Wojtasz-Mucha et al. 2019), as the ratio of the amount detected to the
mass of the sample used: for arabinose, 93.1 ± 1.9%, galactose,
92.9 ± 1.7%, glucose, 91.8 ± 2.0%, xylose, 78.6 ± 1.6%, and mannose,
90.2 ± 0.6%.
2.3 Microcomputed X-ray tomography and X-ray
diffraction
The microstructure of the pulped samples was investigated using XRT
with a Zeiss XRadia XRM520 at the 4D Imaging Lab of LundUniversity.
Prior to imaging, to accurately observe cell walls whose size can be as
small as a few hundred nm (Muzamal et al. 2016), we set a voxel pitch
of 0.55 μm. This required us to trim down the samples to smaller
squared cross-sections of about 2 × 2 mm2. The samples were covered
with commercial thin paraffin-based film (parafilm®) to avoid drying
during the XRT measurements. The X-ray source settings were 80 kV
and 7Wwith an exposure time of 2.75 s for each projection. These raw
projections were reconstructed using Zeiss tomographic reconstructor
software to yield image volumes with 0.55 × 0.55 × 0.55 μm3 voxel size
and a field of view of about 550 μm wide and high, i.e., the image
volumes covered internal region of the samples, thus avoiding any
surface disturbance due to cutting. The image volumeswere binarized
using the ImageJ software to easily quantify the cell wall thickness
(width of the bright phase) and tracheid size (width of the dark phase).
These were then measured using the measuring tool in ImageJ. Some
of the samples were inspected twice: at the upper face and at the
sample center, as shown in Figure 1.
The nanostructure of the pulped samples was inspected using a
X-ray diffractometer (PANalytical X’Pert Pro with a Cu tube
(λ  1.5404 Å) at Chalmers University of Technology). Prior to in-
spections, dried sampleswere ground tofine particles,∼500 μm, using
mechanical grinder for 2 min. Powder samples were placed on a low-
background quartz holder and subjected to radiation at 25 mA and
35 kV. A step size of 0.1° and 5 s exposure were used for measuring the
scattering angle 2-θ in the range 5–40°. Three powder samples were
tested for each configuration. The crystallite size was estimated using




Where D, B, λ and θ are crystallite size (nm), full width at half
maximum (FWHM), the wavelength (λ = 0.15406 nm) and peak posi-
tion, respectively.
The FWHM ismeasuredby identifying the height of themaximum
value of a peak, then constructing a horizontal line at the half of this
height intersecting the peak in two points, i.e. two different angles.
The difference between these two angles corresponds to the FWHM.
Figure 1: Schematic drawing of the sample cut showing (a) the
dimensions and fiber directions and (b) the size of the sample with
the regions of XRT inspections.
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3 Results and discussion
3.1 Compositional changes during pulping
Table 1 shows the polymer content, (galacto)glucomannan
(GGM), xylan, cellulose and lignin, in the starting material
and the pulped samples as a function of pulping time. The
undetected material likely contains acid soluble lignin
structures (not quantified in this study), carbohydrate
degradation products and extractives.
The composition of the starting material – the
comparably low cellulose content, along with the high
lignin content – indicates that the samples originated from
a compressionwood (Nanayakkara 2009; Timell 1986). The
micrographs of the transverse cross section of the analyzed
samples are in line with these indications showing
rounded tracheids with intercellular space, typical of
compression (Figure 2). Compression wood is, namely,
characterized by a higher lignin content with a more
condensed structure, along with reduced content of cel-
lulose, xylan and mannan relative to normal wood.
Compression wood cells are also shorter, thicker and
rounder and are unique in containing β-1,4-galactan (Mast
et al. 2009; Morohoshi and Sakakibara 1971a,b; Nanayak-
kara et al. 2009; Timell 1986). Delignification of compres-
sion wood has been reported to yield pulps with coarser
fibers and a higher amount residual lignin containingmore
condensed motifs and galactan residues, the latter sug-
gested to originate from the outer layers of the fiber wall
(Hortling et al. 2001). Delignification studies with alkaline
nitrobenzene oxidation have reported a slower leveling off
of the delignification for compressionwood leading though
eventually to approximately same level of residual lignin
as in normal wood (Yoshinaga et al. 2014).
As expected, the majority of GGM was removed during
the early stage of pulping (initial 30min),mainly due to the
high rate of the peeling reaction of GGM compared to the
other carbohydrates. During this initial phase the GGM
content was reduced by approximately 45% reaching a
largely stable residual content after 60 min. Similar
behavior of GGM was also observed during soda delignifi-
cation of softwood meal under comparable conditions (3%
NaOH[aq], 168 °C): rather stable residual content after a
rapid initial removal (Wigell et al. 2007). The decrement in
the xylan content was rather modest through the process
for all the considered samples, which is also in linewith the
previous findings. The lignin content decreased with
increasing pulping time (the removal rate is higher) at the
early stage until 90 min, showing no significant changes
during further pulping. Not surprisingly, considering the
size and character of the studied samples (sticks of lignin
rich reaction wood), delignification of softwood meal un-
der comparable conditions (3% NaOH[aq], 168 °C) was
found to be considerably faster removing approximately
50% of lignin after ca. 60 min pulping (Wigell et al. 2007).
The relative cellulose content in the sample increased with
increasing pulping time up to 150 min, due to the removal
of the other polymers (mainly GGM and lignin). Further
pulping led to a decrease of cellulose content, due to
continued reactions (peeling and alkaline hydrolysis).
3.2 Microstructural evolution
The tangential and transverse section of the XRT images of
the untreated wood are shown in Figure 2, where the
structure of the tracheids and the pits inside the cell walls
are visible. The tracheids are intact without any evidence of









 . . . .
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Figure 2: Internal microstructure of spruce wood in transverse and
tangential cross section.
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micro cracks or decohesion. The pits that can be observed
are so-called bordered pits and have a total width of
approximately 3 μm, including the border. These openings
have amembraneof less than 1 μmthickness (Muzamal et al.
2016; Skaar 1988), which cannot be observed in the current
study as they are below the resolution of the images. These
pits are the only passages between tracheids and, therefore,
control the transport of liquors and ions between them. The
cross-section shapes of the tracheids (some of them elon-
gated and elliptical) are also captured (see Supplementary
Figure S1). Thepresenceof elliptical tracheids, and the small
pores between them (transverse cross section), is typical of
reaction wood and is in accordance with previous experi-
mental observations on spruce wood (Muzamal et al. 2016;
Trtik et al. 2007; Van den Bulcke et al. 2013).
Figure 3 shows the variation of sample weight (wet and
dry) as a function of pulping time. Four stages can be
defined based on the sample weight evolution. Stage I
ranges from the start of the pulping until 30 min, during
which the weight of the wet samples increased to around
four times that of the untreated wood, which is interpreted
as being due tofilling of the lumen, aswell as the absorption
and saturation of cell walls with cooking liquor (see
Figure 4b). During pulping, the cooking chemicals (in this
case the hydroxide ions) need to be transported (diffusive
mass transport) in the wood tissue to the reaction site in the
cell wall and/or mid-lamella. In softwood, the dominating
path for this transport is via lumen of the tracheids. Pits
provide transport between the adjacent cells organized in
rows with overlapping ends (mass transport in the longitu-
dinal direction). In the radial and transversal direction, the
transport paths are via rays and pits between the cells.
Muzamal et al. (2016) visualized pits byhigh-resolutionXRT,
without capturing their membranes due to the resolution
limit. Resin canals contribute also with additional trans-
portation path. As hemicelluloses and lignin are gradually
removed (see Table 1) during pulping, voids can be seen
being formed in the cellwalls and in the upper surface of the
wood samples (see Figure 4b); such cavities provide another
important transportation path for the cooking liquor. The
mentioned transport paths enable saturation of the cell
walls and, as seen in Table 2, results in an increase in the
wall thickness and reduction of the inner diameter (due to
the swelling of the cellwall) (Figure 4b). Similar results have
been reported by Van den Bulcke et al. (2013).
During stage I, the dominating process is the removal
of hemicelluloses, as shown in Table 1. This process en-
hances the transport of hydroxide ions to the middle
lamella by diffusion through the formed voids. Lignin is
gradually removed as well (see Table 1), further facilitating
diffusion of cooking liquor to the middle lamella that
contains structurally different lignin (Chiang et al. 1989;
Whiting and Goring 1982). This saturation of the wood
tissue with the cooking liquor (lumen, pits and the
Figure 3: Weight evolution of spruce wood during pulping process.
Figure 4: µCT micrographs of wet samples at different pulping
times. The micrographs are captured at the transverse cross
sections of the samples surface. The red arrows refer to the cracks
and separation of cell walls.
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emerging voids due to removal of hemicellulose and
lignin), is also expressed in the macrostructure of the
samples. An increase in the sample volume and erosion of
the initial edges (possibly indicative of changes in indi-
vidual tracheids) are evident in Figure 5, which shows
photos of the untreated and pulped samples. Indeed,
changes in the individual tracheids during this stage canbe
seen in Figure 4b. At the same time, the data on the dried
samples shows a reduction of the dryweight during stage I,
which is in line with the removal of lignin and hemi-
celluloses (Table 1). Accordingly, the cell wall thickness of
the dried samples reduced to 2.73 μm after 30 min pulping
compared to a thickness of 3.75 μm for the untreated
samples; corresponding to a thickness reduction by one
third. As shown in Figure 6a, separation of cell walls
initiated during this stage at the external surface extended
in the lateral direction of cell walls; this is likely due to the
removal of the lignin from the middle lamella and can also
be seen in the images of thewet samples in Figure 4b. Thus,
two main processes seem to control the structural changes
during stage I (surface sample): (i) saturation of cell walls
with the cooking liquor along with removal of hemi-
celluloses and (ii) partial removal of lignin, affecting also
middle lamella.
Stage II continued to approximately 90 min of pulping
and during this time the weight of the wet samples
reduced, likely related to the continued removal of the
polymer residues from the liquor-saturated cell walls,
which is the dominating process at this point. During this
stage, due to the high removal of lignin, the microstructure
of the sample pulped for 90 min showed a clear separation
of cell walls, Figure 4c. The tracheids at this stage appeared
to have untied from the initial tissue matrix adopting a
drastically changed (almost circular) shape (Figure 5). Due
to removal of lignin andhemicelluloses, theweight of dried
samples reduced during this stage (see Figure 3) from
0.29 g, after 30 min pulping, to 0.10 g after 90 min. While
the wall thickness reduces from 2.73 μmat the beginning of
the stage to 2.09 μm at the end, corresponding to a 23.2%
reduction. The cell wall thickness of the corresponding wet
samples reduced from 4.67 to 4.01 μm. By the end of this
stage, the separation of the cells initiated during stage I
appears to be completed. Furthermore, microcracks could
be observed inside the cell walls on the XRT image in
Figure 6b.
Stage III corresponds to the continued pulping until
150 min, during which the samples weight only changed
slightly (see Figure 3), with the microstructure more or less
unchanged (see Figure 4). Interestingly a further extension
of the pulping time to 180 min, led to a slight reduction in
the wet and dry sample weight (see Figure 3), which could
Table : Variation of wall thickness with pulping time.
Pulping time (min) Wall thickness (µm)
Wet Dry
 . ± . . ± .
 . ± . . ± .
 . ± . . ± .
 . ± . –
Figure 5: Photos of wet samples before
pulping and after different pulping time.
Figure 6: µCT micrographs of dry samples surface at different
pulping time.
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be defined as an additional stage, IV. During this stage (IV)
the microstructure of the sample (Figure 4d) remained
quite similar to that observed in the samples pulped for just
90 min. The cell wall thickness slightly reduced (from 4.01
to 3.92 μm for samples pulped at 90 and 180 min, respec-
tively). The slight reduction of the weight and cell wall
thickness is attributed to the reduction of cellulose content
(see Table 1) due to the degrading cellulose reactions
(peeling and alkaline hydrolysis) with the excess cooking
liquor mediating dissolution. Still the cell walls of the
sample pulped for 180 min were thicker than those of the
untreated sample, probably due to the saturation of the cell
walls with water.
3.3 Local variations in microstructural and
compositional changes
Figure 7 shows the XRT images of the microstructure for
the regions near the surface and center of the samples
pulped for 30 min and 90 min. The microstructure near the
sample surface shows an initial cell wall separation be-
tween almost all the cells after only 30 min pulping (see
Figure 7a). The separation between thewalls can be seen to
extend in some cells in the longitudinal direction, as
marked by the red ellipse in in Figure 7a. However,
Figure 7b shows the microstructure at the center of the
same sample where the tissue appears to be completely
intact, except for a small separation between two of the cell
walls. This separation might be due to the presence of pits
between these walls, which could have facilitated trans-
port of the hydroxide ions between tracheids to enable
lignin removal at the middle lamella. The thickness of the
cell walls at this initial stage of pulping was almost the
same in the images from the surface and the center of the
sample, which highlights that, at this time, the whole
sample was impregnated with the cooking liquor. Howev-
er, no obvious morphological changes could be observed
in the image of the center of the sample, for which there are
likely two main reasons. Firstly, the hydroxide ions
entering the wood chip would have reacted as soon as they
reached a reactive wood component, which would have
occurred close to the surface of the wood chip. Secondly,
the ions hade to be transported a long distance by diffusion
before they reached the center of the wood chip. Therefore,
both chemical reactions and mass transport of ions should
be considered as the key parameters governing the chem-
ical pulping at this stage. The microstructure of the sam-
ple’s surface pulped at 90min showed complete separation
of cell walls in images fromnear the surface (see Figure 7c).
The separation could also be seen to extend to the center of
the sample (see Figure 7d) so the cells are more or less
completely separated throughout the sample, which in-
dicates that the delignification process was largely com-
plete by the end of stage II (90 min of pulping) at the used
conditions. As the soda pulping chemistry in general does
not allow cleavage of phenolic β-O-4′ bonds in lignin,while
relying on a rather slow cleavage of non-phenolic β-O-4′
bonds, a considerable amount of residual lignin (too large
to be solubilized and transported out) remains in the wood
tissue at this point (Fengel and Wegener 1984; Walker
2006; Zhao et al. 2019).
It is obvious that the structure of spruce wood
dramatically changes during the soda pulping process as
shown in Figures 4, 5, and 7. In the initial phase the tem-
perature increases, but remains relatively low, so the re-
action rates are also lowand the ions canbe transported via
lumen and pits into the cell walls. In the beginning of this
low-temperature stage it is mainly glucomannans that
react (the peeling reaction), but this occurs rather slowly at
temperatures below 70 °C. Thus, in the very beginning it is
mostly mass transport of alkali that takes place resulting
in neutralization of acid groups, an increased pH in the
wood and, as a consequence, swelling of the cell walls (see
Table 2). As the temperature increases the peeling reaction
rate increases, including reactions of xylan and cellulose,
as well as various lignin reaction consuming the hydroxide
Figure 7: µCTmicrographs of wet samples at their faces and centers
pulped for 30 and 90 min.
A. Wagih et al.: Monitoring soda pulping by X-ray tomography 7
ions inside the wood chip (see Table 1). Since the reaction
rate increases much faster than the diffusive mass trans-
port when the temperature is increased, there will be a
point at relatively low temperature where more ions are
consumed thanwhat canbe transported into all parts of the
wood chip. At this point the majority of the hydroxide ions
entering the wood chip are consumed close to the sample
surface causing a detectable separation of the cell walls
(see Figure 7a). The exact temperature when this occurred
is not yet known and will vary with e.g. wood structure,
chip size, chemical composition, but it is expected to be
somewhere between 70 and 100 °C. When the hemi-
celluloses and lignin in this region react, they dissolve and
diffuse out from the cell wall towards the surface of the
wood chip. As more wood constituents are dissolved, less
hydroxide ions are consumed close to the surface. This
implies that the hydroxide ions entering the wood chips
were transported deeper into the chips and started to react
with the wood constituents. During this stage, the reduc-
tion rates of the dried sample weight and cell wall thick-
ness are lower since themass transport of hydroxide ions in
the wood tissue to the reaction sites is relatively slow and
the extractable hemicelluloses, which could contribute to
further decrement of the dry weight, are already heavily
depleted during the previous stage. In the stage III, the dry
weight, polymer content and the cell wall thickness are
stable (see Figure 3 and Tables 1, 2). On the other hand,
development and extension of cracks inside the cell walls
and the cell wall separation are visible, being the most
prominent observed processes in this stage (see Figure 4c).
Further pulping of the samples leads to a reduction of the
cellulose content due to cellulose reactions with the
cooking chemicals.
3.4 Nanostructure evolution
Figure 8 shows XRD patterns of the untreated sample and
the pulped samples with the diffraction peaks labeled to
indicate their crystal lattice assignments. Only two crystal
lattice planes are defined in the figure for the simplicity of
the analysis, the <110> and the <200>.
In the case of the <200> plane, peak broadening was
observed with increasing pulping time up to 60 min,
resulting in a decreased full width at half maximum
(FWHM). Consequently, the crystallite size at this plane
was inferred to have increased with increasing pulping
time up to 60 min, reaching 3.38 nm compared to 1.89 nm
for the raw material, as shown in Figure 9. The analysis of
the <100> plane was complicated by the less well-defined
peak shape. In fact, the literature reports on another minor
lattice plane located just after the <110> plane (Evstigneyev
and Shashilov 1995; Lee et al. 2015; Park et al. 2010; Teeäär
et al. 1987), which probably could give rise to the broad
(double) peak. The average peak width and position did
not show any significant discernable differences between
the samples from different pulping times. The average
crystallite size in this plane could be estimated to 1.18 nm,
and it was relatively constant for all the pulped samples, as
shown in Figure 9.
The increase of crystallite size, seen in the <200>
reflection, could be attributed to the high temperature
applied during pulping, 170 °C, which could have facili-
tated grain growth and recrystallization (Fan et al. 1980).
Another reason for the crystallite size increase was the
removal of lignin and hemicelluloses, allowing the lateral
coalescence of cellulose crystallites and leading to the,
commonly observed, increase in lateral fibril aggregate
dimensions (Hult et al. 2001). During the early stage of
Figure 8: XRD patterns of as received and pulped samples at
different times. The dash lines in the figure represents to the
position of the <200> peak with corresponding color at different
pulping time.
Figure 9: Variation of crystallite size with pulping time computed
using Equation (1).
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pulping (up to 60 min), the hemicelluloses and lignin
removal rate were high (see Table 1), facilitating possibly
an accelerated growth of cellulose crystallites. This also
probably led to a slight increase in the 2-Theta angle of the
<200> peak. After 60 min pulping, removal rate of the
hemicelluloses was significantly slower (see Table 1) and
the pulping process appeared to have no further influence
on the <200> peak position.
4 Conclusions
The structural changes in wood during soda pulping have
been studied using standard approaches combined with
high-resolution X-ray micro-tomography and X-ray
diffraction. Four stages could be identified in the pulping
process. During the stage I (initial 30 min, approximately),
the cooking liquor passes through the lumen and pits of the
tracheids and saturates the inner surface of the cell walls,
which results in an initial removal of hemicelluloses and
lignin from the secondary wall. In this stage, the weight of
the wet samples was around three times that of the un-
processedwood, due to the saturation of cell walls with the
cooking liquor, while the dry weight was reduced, indi-
cating an initial removal of lignin and hemicelluloses. The
X-ray diffraction data for the <200> reflection of the cellu-
lose indicated an increase in the cellulose crystallite size,
also likely due the removal of lignin and hemicelluloses.
After this stage (during the additional 60min pulping), due
to the continued removal of hemicelluloses and lignin from
the secondary wall, the results suggest improved diffusion
of the hydroxide ions through the cell walls resulting in a
more pronounced lignin extraction from the cell walls and
the middle lamella, which, thus, initiated cell wall sepa-
ration. After 90 min pulping (stage III), the cell walls were
visibly separated from each other due to the delignification
of the middle lamella, whilst the microstructure, crystallite
size, polymer content and wall thickness seem to remain
largely unchanged during continued pulping until 150min
(stage IV). Further pulping led to reduction of the cellulose
content related to cellulose reactions with the excess
cooking chemicals.
The microstructure of the outer surface of the pulped
samples was different from the sample core, highlighting
that the delignification process occured in a successive
manner, as the hydroxide ions passed through a compli-
cated path until reaching the lignin in the middle lamella.
Therefore, a homogenous microstructure of the pulped
samples cannot be achieved at the start of the operation,
and some time is needed to remove hemicellulose and
lignin from the secondary wall, which then facilitates the
transport of hydroxide ions to the middle lamella in the
core. The mass transport of lignin and hemicelluloses is
crucial during the soda pulping process. At the early stage
of pulping, the transport of alkali to the secondary cell
walls is dominant along with the mass transport of the
depolymerized hemicelluloses and parts of lignin. While at
late stages, themass transport of lignin out of the cell walls
becomes the main determinant for the morphology and
microstructure.
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